Background: Osteoarthritis (OA), a degenerative cartilage disease, results in alterations of the chemical and structural properties of tissue. Arthroscopic evaluation of full-depth tissue composition is limited and would require tissue harvesting, which is inappropriate in daily routine. Fourier transform infrared (FT-IR) spectroscopy is a modality based on molecular vibrations of matrix components that can be used in conjunction with fiber optics to acquire quantitative compositional data from the cartilage matrix.
Articular cartilage provides frictionless movement between joints while withstanding repetitive mechanical stress. Cartilage has a very limited capacity for self-repair, so the end stage of degeneration, as a result of injury or osteoarthritis (OA), often leads to total knee arthroplasty (TKA). Osteoarthritis of the knee is also one of the most common causes of mobility restriction in the United States, 23 and the number of primary TKA procedures is projected to grow to 3.48 million by 2030. 31 Initial treatment of degenerated cartilage consists of symptomatic pain relief through the use of antiinflammatory agents. 53 For most of the cases, arthroscopic procedures are performed to minimize the impact of articular cartilage irregularities. Success of these procedures, which include smoothing of roughened cartilage surfaces (shaving) and joint lavage and debridement, has been variable. 22 Biological cartilage repair procedures that aim to stimulate tissue repair of a focal defect, such as microfracture and autologous chondrocyte implantation, are also of great interest. However, the composition and structure of the repair tissue formed have also been variable and typically include fibrocartilage. 27, 47 At the microscopic level, histological features of osteoarthritic cartilage include a damaged collagen network, loss of cartilage zonal properties, decrease in proteoglycan, and proliferation of chondrocytes. 53 Detection of such matrix changes in the early stages of OA, when treatment may prevent further cartilage damage, is critical for OA management. For arthroscopic repair, knowledge of specific ultrastructural changes would be extremely beneficial in making decisions regarding salvaging or removing cartilage and the meniscus.
Several imaging techniques, including magnetic resonance imaging (MRI), ultrasound, and computed tomographic arthrography, have been explored to characterize early signs of OA, with noninvasive MRI being the most widely used. 12, 14, 25, 42, 54 Historically, MRI has been used as a method for anatomic analysis, with the effect of disease progression on cartilage being evaluated with respect to such parameters as cartilage volume, thickness, and surface characteristics. 12, 43 More recently, MRI has been used to study not only the anatomy but also the biophysical properties of cartilage. 9, 44 While it is clear that MRI has the potential for early detection of molecular changes based on such properties, clinically applicable methods for MRI's widespread use have not yet been established.
Fourier transform infrared (FT-IR) spectroscopy has been used extensively in recent years to characterize the structure and composition of normal, diseased, and repaired cartilage as well as connective tissues such as tendon and bone. 10, 26 This technique provides information about the molecular structure of biomolecules and is sensitive to compositional alterations in the tissue that accompany disease and repair. Many studies use FT-IR imaging spectroscopy (FT-IRIS), a technique that couples an FT-IR spectrometer to an array detector and an optical microscope, thus allowing mapping of specific molecules in the tissue at high pixel resolution within a defined region of interest. | | An additional advantage of FT-IR is the coupling of an infrared fiber optic probe (IFOP) to an FT-IR spectrometer. This device provides spectral acquisition from intact tissues in situ, with the potential for in vivo assessments.
Our laboratory has previously reported the application of an IFOP to evaluate degenerative cartilage in harvested human tissues in addition to the identification of specific spectral parameters that are related to early collagen degradation. 32, 56 A partial least squares (PLS) analysis method was used to correlate spectral data acquired from an IFOP to the Collins visual score for degenerative cartilage. Further studies were performed to monitor disease progression in an OA rabbit model, 7 where a PLS model based on IFOP data obtained from femoral cartilage yielded a correlation to the disease course with an accuracy of over 90%. Together, these studies support the potential use of an IFOP for clinical diagnosis and therapeutic evaluation.
Ideally, IFOP investigations of cartilage would yield information on compositional changes in the tissue at the time of arthroscopy and would therefore aid in disease management. Accordingly, the present study investigated changes in the structure and composition of articular cartilage from human knee joints with early and progressively severe degrees of OA using an IFOP and compared data to histological grading and FT-IRIS data. The primary goal was to establish correlations between IFOP analysis of cartilage and a gold-standard method of assessment of OA progression, histological evaluation according to Mankin et al. 34, 35 
MATERIALS AND METHODS

Human Tissue Collection
Under an institutional review board-approved protocol (Hospital for Special Surgery, #28006), human tibial plateaus were acquired from 61 male and female patients, 46 to 87 years of age, undergoing knee replacement surgery. The tibial plateaus were immediately brought to the laboratory in saline solution to maintain hydration once harvested, visually examined, and regions of interest identified and graded using the Collins visual grading system based on the severity of cartilage softening and erosion. 16 Grades 0, 1, 2, and 3 represent a normal surface, slight superficial swelling or fibrillation, deeper fibrillation, and serious fibrillation, respectively. Digital photographs were obtained from each specimen to record the position of spectral acquisition ( Figure 1 ).
IFOP Data Acquisition
The design of the IFOP system has been described previously. 32 A Bruker infrared spectrometer (Billerica, Massachusetts) equipped with a mercury cadmium telluride detector was coupled to a fiber optic probe, the end of which is a flat-tipped Zinc Sulfide attenuated total reflectance crystal of 1-mm diameter ( Figure 1 ). The tip of the probe was placed in direct contact with individual regions on the tibial plateau specimen. Contact between the crystal and the tibial plateau cartilage was monitored by a load cell with pressure controlled at 0.7 lb. Infrared data collection was initiated after a period of approximately 60 seconds of contact between the cartilage and crystal to permit relaxation of the cartilage around the crystal tip. 56 Spectral acquisition from 4000 to 900 cm -1 with a spectral resolution of 8 cm -1 took approximately 1 minute for 256 co-added scans. Two to 3 regions from each tibial plateau were selected for sampling, and 1 to 3 spectra/ region were collected. Tissues were kept moist with saline solution and additional saline added between data acquisitions if necessary. A total of 152 infrared spectra were used in the analyses, which corresponds to the number of spectra associated with tissues that were histologically graded by 2 independent observers. IFOP data were acquired. Explants were embedded in paraffin after tissue dehydration with 80% ethanol, proteoglycan containment using 1% cetylpyridinium chloride, and decalcification with 10% EDTA/Tris buffer. Histological sections were cut perpendicular to the articular surface with a thickness of 7 mm (for FT-IRIS) and 6 mm (for histology) and mounted onto BaF 2 infrared windows and glass slides for FT-IRIS and histological analysis, respectively. All sections were deparaffinized before FT-IRIS measurements.
Histological Evaluation
Histological sections were stained with Safranin O and with hematoxylin and eosin for the evaluation of proteoglycan content and tissue and cellular characteristics. The stained tissue slides were evaluated by 2 investigators in a random and blind-coded manner according to a modified Mankin grading system. The histological Mankin score is a standard grading system for cartilage based on structural fissuring, cell cloning, loss of proteoglycans, and tidemark integrity. 34, 35 The modified Mankin score (MMS) used in the current study ranged from grade 0, which represents normal cartilage, to grade 13, which represents severely degraded cartilage (Table 1) . A final MMS was calculated as a mean of the 2 evaluations, and therefore, half integer values were possible. Interobserver agreement was calculated using the Fleiss weighted k statistic. 24 Correlations between individual components of the MMS and the total MMS were investigated using a Pearson correlation with significance determined at the P \ .05 level.
PLS Analysis
Infrared fiber optic probe spectra (n = 152) obtained from tissues with a MMS that ranged from 2 to 10 (this was the full range of MMSs found in tissues used in the current study) were analyzed using a PLS regression algorithm. 7, 58 Before PLS analysis, spectra were processed by a multiplicative scatter correction and 13-point Savitzky-Golay second-derivative calculation. As absorbances from molecules in varying tissue environments can contribute to the broad contours of infrared spectral bands, applying a second-derivative calculation to the spectra essentially improves the spectral resolution. 36 Several frequency regions were investigated for analysis, and ultimately, the preprocessed values for frequencies in the region of 1800 to 984 cm -1 were used as variables to predict the average MMS of 2 investigators. This frequency range includes absorbances from all primary matrix components of cartilage. Leave-one-out cross-validation was used to create 3 separate PLS models. Each of the 3 models included data from 100 randomly chosen spectra, with the remaining 52 spectra serving as an independent prediction set. The PLS model decomposes information carried by the original variables (spectra) and projects them onto a smaller number of latent variables called ''factors.'' In infrared spectroscopy, the factors resemble spectra but do not necessarily reflect the spectrum of an individual tissue component. In creating the PLS model, there is an optimal number of factors that together can explain the variance in all regions of the spectrum. The number of factors for all models was calculated to be 7 based on the minimal residual sum of squares error (SS err ). 20 Based on a leverage versus residual scatterplot of the PLS model, 20 no outliers were detected in the PLS crossvalidation models. The quality of the models was evaluated by assessment of the root mean square error (RMSE) of the cross-validation model. The RMSE measures the precision of the model and is calculated according to the following equation:
where i indicates the number of samples from 1 to N. 2, 15 The quality of the independent prediction of each sample MMS was assessed by evaluation of the RMSE of prediction (RMSEP). The averaged results from the 3 PLS models are presented in Table 2 . The Unscrambler software (CAMO Software, Oslo, Norway) was used for all calculations.
FT-IRIS Data Acquisition and Processing
Because of the complexity of the FT-IRIS data analysis, FT-IRIS data were collected from just a subset of histological tissue sections to assess full-depth tissue molecular changes across a range of MMSs (N = 28). Tissues had previously been sampled by IFOP and Mankin graded. Sections were sampled at 8-cm -1 spectral resolution and 6.25-mm pixel resolution using a Spectrum Spotlight 300 FT-IR Imaging System (Perkin-Elmer, Bucks, United Kingdom), which couples a FT-IR spectrometer with an array detector and a light microscope. Polarized FT-IRIS measurements were performed with a polarizer inserted in the incident light path at 0°. Figure 2 illustrates typical infrared spectra of cartilage of different histological grades where the bands associated with the vibrations of collagen and proteoglycans are labeled. In general, molecular information can be obtained from infrared images based on the area under an absorbance peak, or peak height ratios, which are related to specific molecular components. 10 ISys software v4.0 (Malvern, United Kingdom) was used for all FT-IRIS data processing. Assessment of collagen was based on the integrated area of the protein amide I absorbance band (1598-1710 cm -1 ), and assessment of proteoglycans was based on the integrated area of the absorbance between 950 to 1150 cm -1 that arises from the sugar ring vibrations in proteoglycans. The area ratio of the infrared absorbance centered at 1338 cm -1 (1300-1356 cm -1 ), which arises from collagen side chain vibrations, to the amide II absorbance (1492-1598 cm -1 ) was calculated to evaluate the helical integrity of collagen, a parameter previously shown to correlate to collagen degradation in cartilage. 57 The peak height ratio in the amide I band at 1660/1690 cm -1 was used as an indicator of collagen maturity, as shown in previous studies. 10, 21 Collagen fibril orientation was calculated as the ratio of the area ratio of amide I and amide II bands of the polarized infrared images. The collagen fibril orientation was quantitated Multiplicative scatter-corrected second-derivative spectra and 7 factors were used in all models (N = 3). Cross-validation models were created from approximately two thirds of the total data set (100 spectra) of 152 spectra, and the remaining 52 spectra were used for independent prediction. Root mean square error (RMSE) of validation was measured to determine the overall error of the cross-validation model. The root mean square error of prediction (RMSEP) was calculated from the independent prediction of 52 spectra. Figure 2 . Infrared fiber optic probe spectra obtained from tibial plateau cartilage with modified Mankin scores of 3, 6, and 9, which are vertically offset for clarity. The absorbance bands associated with collagen amide and side chain vibrations, water, and proteoglycan sugar vibrations are shown. Changes in spectral features, such as relative peak height and contour of the amide I/water and amide II absorbances, and reduced spectral features across the rest of the spectral frequencies are evident with osteoarthritis progression (increased Mankin score).
as fibrils parallel to the articular surface for an amide I/II polarized ratio !2.7, fibrils perpendicular to the articular surface for an amide I/II ratio 1.7, and random or mixed fibril orientation for amide I/II ratios between 2.7 to 1.7. 6
Statistical Analysis
The FT-IRIS parameters were calculated for Mankingraded samples at each pixel. All data are presented as mean 6 standard deviation. Statistical comparisons among the grades were performed by 1-way analysis of variance (ANOVA) followed by Bonferroni correction post hoc tests for comparison of groups with values significant at the P \ .05 level. Pearson correlation was performed to assess the relationship between individual components of the Mankin score and the total Mankin score.
RESULTS
Histology Grading
The MMS of the tissues ranged from 2 to 10, and the weighted interobserver agreement between graders was 86%, which is categorized as excellent agreement. 24 In general, tissue thickness decreases and fibrillation increases with increasing degradation (Figure 3) . Correlation between the MMS and Collins visual grade did not reach significance (R = .29, P = .09), indicating that the visual grade of the tissues may not reflect the microstructure and composition. The greatest correlation between an individual component of the MMS and the total MMS was with structural fissuring (R = .64), followed by tidemark integrity (R = .60), cell cloning (R = .50), and proteoglycan content (R = .40). All individual components were significantly correlated to total MMS (P \ .01).
PLS Analysis of IFOP Spectra
Qualitatively, progressive changes are seen in several regions of IFOP spectra from tissues with increasing degradation ( Figure 2 ), including differences in the contours and relative intensity ratios of the amide I and amide II absorbances. It is known that there is a strong infrared water absorbance that overlaps the protein amide I region, 56 and this likely contributes to the observed spectral changes. In addition, fewer distinct spectral features are observed across many frequencies in the more degraded tissues with higher MMSs. Together, these observations support the use of a multivariate analysis to evaluate spectral changes.
The PLS models were able to predict the Mankin score with an average prediction error of 1.41. The average percentage of correctly predicted tissue grades for the 3 models was 72% 6 3.1%, and the average percentage of tissue grades that were predicted within one of their actual grades was 96% 6 1.4% ( Table 2) .
FT-IRIS Analysis
The FT-IRIS analysis was performed on a subset of tissues to assess full-depth tissue compositional changes. In general, average collagen content was variable but greater in some of the more degraded tissues with a higher Mankin score, a phenomenon likely attributable to the decreased relative amount of superficial zones and midzones in these tissues. The proteoglycan content was also very variable (Table 3 ). However, no significant differences in collagen or proteoglycan were found at any point. Collagen integrity also did not differ among the tissues. However, collagen maturity significantly decreased with increasing MMS (P = .032) ( Figure 4 ). In addition, collagen fibril orientation changes were evident with tissue degradation (Table 3 and Figure 5 ). Parallel fibril orientation decreased significantly (P = .024), while random and perpendicular fibril orientation increased significantly (P = .005) as MMS increased. Thinning of the superficial zone likely contributed to this phenomenon.
DISCUSSION
The results of the present study demonstrate the ability of infrared spectroscopy together with a PLS multivariate analysis to predict the histological Mankin score of degenerative articular cartilage. The PLS model was able to predict 72% of the Mankin score values correctly and 96% within 1 grade of their true MMS. As IFOP data are only collected from the top approximately 10 mm of the tissue surface, and Mankin grading includes evaluation of the entire tissue depth, it is evident that tissue surface changes detectable by IFOP reflect full-depth changes. In view of this, it was not surprising that the greatest correlation of the total MMS with an individual component of the score was with surface structural changes. A strong correlation between total Mankin score and surface structural changes was also demonstrated in previous studies. 48 Arthroscopic assessment of articular cartilage is based primarily on visual evaluation and serves as a decisionmaking process for treatment options. 28 Interestingly, in the current study, the correlation between visual assessment of cartilage and histological Mankin score did not reach significance. This leads to the question of whether visual inspection of cartilage is sufficient to assess the quality of the tissue. The goal of many arthroscopic procedures is to remove damaged areas of tissue, 38 and controversy still surrounds the effectiveness of these procedures. 5 There can be high interobserver variability in arthroscopic grading of cartilage, and the final grade can be highly subjective and dependent on the level of clinical experience of the surgeon. 37 It is possible that tissue regions that appear visually normal may indeed have begun to degenerate and thus should be removed. Attempts to identify such regions, although not possible visually, may be possible using either indentation or spectroscopic methods or a combination of these two. Duda et al 19 and Bae et al 3 used an indentation probe to assess whether tissue stiffness reflects cartilage degeneration. In both studies, it was demonstrated that indentation stiffness decreases as cartilage degeneration progresses to mild stages. However, the clinical application of the instrument was limited by its large dimensions. In addition, the probe needed to be positioned exactly vertical to the cartilage surface, which also limits the potential applications. 51 Accordingly, the development of infrared spectroscopy techniques as a minimally invasive arthroscopic method that can provide information on the quality of the full tissue depth in vivo is certainly a point of interest. Values are expressed as mean 6 standard deviation over the full sample thickness. The orientation values (parallel, random, perpendicular) indicate the percentage of pixels for each orientation over the full sample thickness. FT-IRIS, Fourier transform infrared imaging spectroscopy; MMS, modified Mankin score. In the current study, the gold standard for comparison to infrared spectra was the MMS. The reliability and reproducibility of OA cartilage histopathological grading systems, including the Mankin and the Osteoarthritis Research Society International (OARSI) cartilage histopathological assessment system, have been evaluated in several studies. 18, 39, 41, 55 Van der Sluijs et al, 55 in a comparison of Mankin grading by 2 observers, found inadequate reproducibility (59%-76%); the ability to detect differences between normal and moderate OA was also uncertain. In addition, the wide range of chemical and structural changes in OA cartilage contributed to limited reliability of the scoring systems and high interobserver variability. Ostergaard et al examined the interobserver and intraobserver reproducibility of the Mankin grading system of human articular cartilage using k analysis. They found that there was low intraobserver agreement (22%-33%) of the Mankin score, based on repeated grading of the same sample by the same observer at different times, and a wide variation of interobserver reproducibility (13%-20%), possibly because of the lack of experience of the observers. It was concluded that the semiquantitative values obtained from the Mankin system are a result of subjective evaluation and are not adequately reproducible for the assessment of OA cartilage. 39, 40 Nevertheless, histological grading of OA cartilage remains the gold standard for comparison with other modes of evaluation, 41 and there have been significant research efforts to improve its reliability, reproducibility, and validity. 18 In the current study, the interobserver agreement was 86%, which is higher than reported in several other studies. This may be because of the 2 graders having been trained to grade tissues at the same time by an experienced pathologist. In general, compared with histological grading, spectroscopic assessment has inherently less subjectivity associated with the measurement and may therefore be more accurate.
The sensitivity of infrared spectral changes to cartilage degradation was established in previous studies from our group, where IFOP analysis was used to assess OA cartilage in early stages of degeneration. 56 Specific spectral changes related to early stages of the disease were identified, including changes in the collagen amide II, amide III, and the 1338-cm -1 regions of the IFOP spectra. These changes were also identical in FT-IRIS data, where degenerated tissues showed a significantly higher amide II/1338-cm -1 area ratio. 56 A follow-up study investigated whether multivariate analysis of IFOP spectra could be used to predict Collins visual grades of degraded tibial plateaus. 32 Although a correlation was found between the infrared spectra and Collins visual grade, 15 factors were required to obtain a reasonable model of prediction, indicative of the large amount of variability that contributes to that model. Combined with the knowledge that the Collins visual grade and histological Mankin score do not significantly correlate, it is preferable to use the current PLS model to assess cartilage structural changes.
In situ near infrared (NIR) spectroscopy with a fiber optic probe has also been used to assess the quality of articular cartilage. 50 The frequency range and penetration depth for NIR radiation are greater than for mid-infrared radiation, but the interpretation of NIR spectra remains challenging because of overlapping peaks from many components and a much lower signal-to-noise ratio. 49 In a study by Spahn et al, 50 there was only weak agreement among the observers for visual evaluation of femoral and tibial cartilage degeneration but a significant correlation among the NIR values measured by different surgeons. A challenge to this method was positioning the NIR probe accurately so that it was perpendicular to the articular surface, as it would be as well for the IFOP when used in vivo. Nevertheless, it was concluded that there is potential for the development of a NIR spectroscopic probe for the objective measurement of cartilage.
The FT-IRIS data obtained from full-depth tissues were investigated to better understand the compositional differences that contribute to the IFOP spectral changes. Although reduced proteoglycan content in OA cartilage has been reported previously, 7, 56 no significant changes in the mean proteoglycan content of the tissue was detected in FT-IRIS-derived images in this study. In addition, changes in collagen also did not correspond with tissue degradation. It is known that in the cartilage degradation process, superficial and middle zone regions are lost, and thus, it is difficult to directly compare the tissue in later stages of OA with tissue that is nearly intact. However, the FT-IRISderived collagen maturity parameter (1660/1690 cm -1 ) was found to decrease significantly during OA progression, reflective of an effect of disease progression on collagen fibril structure. The precise collagen modification that underlies this change is unknown, 21 but it is not surprising that disruption of the collagen network would result in a change in the primary infrared absorbance of collagen. Unfortunately, this parameter cannot easily be investigated in IFOP spectra because of the presence of water absorbance in this spectral region.
Degeneration of cartilage also results in changes in collagen fiber orientation. 1, 8, 17 Specifically, as the superficial regions of cartilage, which normally contain collagen fibers oriented parallel to the surface, are lost, the fraction of the collagen fibers parallel to the surface decreases significantly. A similar result was found in the current study, where a greater percentage of randomly oriented fibrils, and fibrils oriented perpendicular to the surface, were found in the more degraded tissues. Together, the FT-IRIS data show that, in addition to the compositional changes described in the MMS, changes in collagen structure are progressive with degradation.
There are also limitations regarding use of the IFOP for cartilage assessment. The attenuated total reflectance probe crystal has a 1-mm diameter, which therefore represents the smallest tissue diameter that can be evaluated. Although much larger than the micrometer diameters that are possible with imaging data acquisition, this could be sufficient in clinical determination of the margins of a tissue lesion that requires excision or debridement. Another current limitation is the outer diameter of the fiber optic cable, which is approximately 7 mm. For arthroscopic examination of the tissue, an individual entry port for the IFOP would be required that may be slightly larger than that required for the optical arthroscopic fiber, which is on the order of 3 to 5 mm. 52 In addition, the current prototype IFOP requires tissue contact at a 90°angle, similar to the requirements for the mechanical indentation probe, 3, 19 which limits access, and therefore, not all cartilage regions can be evaluated. However, these geometric issues can be overcome, as narrower diameter infrared fiber optics are under development 33 as well as ''sidefacing'' probes. For the laboratory study, a load cell was used to record the force of the probe tip on the cartilage sample and maintain it at a constant level for data reproducibility. In vivo, a feedback mechanism would have to be incorporated into the handle of the probe to maintain a constant force. Lastly, another potential limitation during in vivo assessment of cartilage is interference from absorbances present in synovial fluid and blood. These may overlap with absorbances from the proteins in cartilage and have to be taken into account during data processing. The laboratory studies performed here did not address these potential complexities in data analysis, but infrared studies of cartilage assessment in the in vivo environment are underway and will focus on these issues.
In summary, this study presents the development of a spectroscopic method combined with multivariate analysis to predict the quality of the cartilage tissue in the early to late stages of OA. The results indicate that in the clinical environment, spectral acquisition and processing to predict the Mankin score of a region on the surface of articular cartilage could be performed within a short period of time. There would not be any further implications for surgeons other than placing the probe in contact with the area of interest. Thus, a relatively fast in vivo fiber optic technique could be used to provide spectral information that will be analyzed in real time using an optimized PLS model with a user-friendly software interface, yielding compositional information that may be substantially more accurate than visual assessment of the tissue.
